1.. Introduction
================

Biomass utilization is a topic of wide interest today, due to shrinking fossil resources combined with future needs in the fields of energy, chemicals and food production \[[@r1]\]. Polysaccharides are the major components in plant biomass, and serve either as storage for reserve food (*e.g.* starch) or contribute to mechanical strength (*e.g.* cellulose and hemicelluloses).

Hemicelluloses form a matrix between the cellulose microfibrils and lignin polymers. Most hemicelluloses are heteropolysaccharides, and are (despite additional substituents) often collectively named based on the most common sugar units in the polymer (*e.g.* xylans, galactoglucomannans, xyloglucans, *etc.*). The most common type of hemicellulose are the xylans, which in terrestrial plants have a backbone built of β-1,4-linked xylose units with diverse substituent decorations that are both dependent on the source and the tissue in the plant where they occur \[[@r2], [@r3]\]. In marine environments xylans with a backbone of β-1,3-linked xylose units are also found \[[@r4]-[@r6]\].

The enzymes that hydrolyze the backbone of the differently substituted xylans are termed xylanases. These enzymes can be either endo-acting (hydrolyzing bonds in the interior of xylan polymers) or exo-acting enzymes (hydrolyzing xylan from either the reducing or non-reducing end), and can act on β-1,4- (or β-1,3-) linked xylose units. It is the endo-acting xylanases that are the focus of this review.

Endo-1,4-β-xylanases (EC 3.2.1.8) that randomly cleave the β-1,4-linked backbone of xylans are most common and most commonly investigated. In addition, some enzymes are known that either require substituents linked to the xylose residues for activity such as the glucuronoarabinoxylan endo-1,4-β-xylanases (EC 3.2.1.136), or accept a substituent (then sometimes classified with double enzyme commission numbers). Yet another group of endo-xylanases cleaves β-1,3-linked xylose units (EC3.2.1.32). Enzymes characterized as specific endo-1,3-β-xylanases (not cleaving β-1,4-linked xylan) are still uncommon. Following the sequence-based classification in the carbohydrate active enzymes database CAZy (*[www.cazy.org](http://www.cazy.org)*) the characterized candidates are in principle found in glycoside hydrolase family 26 (GH26, containing six enzymes from marine organisms and genes \[Genbank codes\]: *Alcaligenes* sp. \[BAB88993.1\], *Brevundimonas vesicularis* \[AIX87981.1\], *Pseudomonas* sp. \[BAB79289.1\], *Thermotoga neapolitana* \[ACM22793.1\], and two strains of *Vibro* \[BAD51934.1, BAA94698.1\]). In the same database, see Schedule **[1](#S1){ref-type="fig"}** for classification terminology, endo-1,4-β-xylanases with characterized specificity EC 3.2.1.8, are to date classified under eight GH-families: GH5, GH8, GH10, GH11, GH30, GH43, GH51 and GH98.

Among the GH families, enzymes classified as endo-1,4-β-xylanases dominate GH10 and GH11, and are together with enzymes specifically acting on glucuronoxylan (EC 3.2.1.136), comprising a subfamily of GH30 (classified as subfamily 8). Classification under EC 3.2.1.8 is either relatively less common in other GH-families, or comprises subfamilies with few characterized candidate enzymes  (Table **[1](#T1){ref-type="table"}**).

Enzymes in GH26, are together with GH5, GH10, GH11, GH30 and GH51 retaining enzymes (Fig. **[1](#F1){ref-type="fig"}**), making the double displacement mechanism dominating for both endo-1,3- and endo-1,4-β-xylanases. Inverting endo-1,4-β-xylanases are found in GH8, GH43 and GH98, limiting the number of characterized enzymes with this activity and mechanism to relatively few characterized candidates (to date, March 2016, eight enzymes in GH8, six in GH43 and one in GH98 are listed in CAZy in the respective family (Table **[1](#T1){ref-type="table"}**)).

The distribution of the endo-xylanases is also reflected in their use as catalytic aids in applications, and thus far enzyme candidates from GH10 and GH11 are most commonly used. A number of applications have recently been reviewed \[[@r9], [@r10]\], highlighting the use of xylanases as processing aids, for example in saccharification (prior to fermentation for production of *e.g.* lactic acid or ethanol, or for xylitol production). Other established applications involve use as additives in feed (where xylanases are added to improve digestibility) and food (where xylanases are used as ingredients in dough to improve bread quality) \[[@r10]\]. Production of xylooligosaccharides (XOS) using xylanases as processing aids has received increased interest, as a consequence of the establishment of XOS as putative prebiotics \[[@r9], [@r11]\] (see schedule **[2](#S2){ref-type="fig"}** for definitions). Today, galacto- (GOS) and fructo-oligosaccharides (FOS) are established prebiotics, and have a significant market with major application sectors in food and beverages, dietary supplements and animal feed. With increasing interest and an increasing number of oligosaccharide compounds claimed as prebiotics (*e.g.* XOS and arabinoxylooligosaccharides, AXOS), the global oligosaccharide production is expected to grow to 450.000 tons in 2018 (*[www.dairymark.com/gos.html](http://www.dairymark.com/gos.html)*).

Xylans are (as described below) dependent on origin decorated with different substituents, and the oligosaccharides obtained after selective enzymatic hydrolysis are thus also differently substituted. It has for example been shown that non-substituted XOS stimulate a broader group of intestinal bacteria associated with health and well-being than arabinose-substituted AXOS, which instead stimulate strains of bifidobacteria more selectively \[[@r13]-[@r15]\]. In this review we overview enzymes used for both AXOS and XOS production (together abbreviated (A)XOS), and highlight substrate interactions of structure-determined enzymes used for this purpose. Knowledge in this field is expected to increase possibilities to choose enzyme candidates or mixtures that will improve the overall yield of (A)XOS or obtain specifically substituted oligosaccharides upon enzymatic hydrolysis of xylan from various sources.

2.. Xylan structures and substituents
=====================================

Xylans are found universally in annuals (often isolated from cereal grains), hardwoods, to a lesser extent in softwoods and finally also in seaweeds in marine environments (Table **[2](#T2){ref-type="table"}**). Most xylans have a varying degree of short side-chains (Fig. **[2](#F2){ref-type="fig"}**), although a few examples of linear, nonsubstituted xylan exist, including a fraction isolated from esparto grass (*Stipa tenacissima*) and a xylan isolated from tobacco stalks (*Nicotiana tabacum*) \[[@r2]\].

In vascular plants the backbone consists of β-[d]{.smallcaps}-xylopyranose units, which are linked by β-1,4-bonds. A common side group is 4-methyl-α-[d]{.smallcaps}-glucuronic acid (uronic acid), linked at C2 to some of the xylopyranose residues in the main chain, resulting in acidic xylan. The absence of a primary alcohol functional group diminishes the capacity of xylan chains to join with each other and with other polysaccharides. In contrast, there is evidence for close association, including covalent bonds, between xylan and lignin \[[@r16], [@r17]\].

In hardwood the predominant hemicellulose is *O*-acetyl-4-*O*-methylglucurono-β-[d]{.smallcaps}-xylan (sometimes called acetylglucuronoxylan) and the xylan content varies within the range 15-35% of the dry wood \[[@r9], [@r17], [@r19], [@r20]\].

Softwoods have lower xylan content, and the xylans generally have a lower degree of polymerization (DP) \[[@r19]\]. In this material, [l]{.smallcaps}-arabinofuranose groups and uronic acids are linked by 1,3-linkages (at C3) to the main chain in softwood xylan. The uronic acids in softwood xylan seem to be localized rather than randomly distributed along the xylan chain \[[@r2]\].

The heteroxylans from Graminae (grasses including cereals) have the same backbone as wood xylans but are generally more branched. It has also become clear that the xylan structure varies in different parts of the plant and during different ages \[[@r2], [@r17], [@r21]\]. The side-chains contain large proportions of [l]{.smallcaps}-arabinose residues, which may occur in combination with other sugars (*e.g.* xylose and galactose), or in combination with ferulic or coumaric acid (esterified to C5) \[[@r2], [@r19]\]. Recently Rumpagaporn and co-workers \[[@r22]\] performed a detailed analysis of linkage features of different cereal arabinoxylans connected to fermentation rate by fecal microbiota, showing that the major structural factors that related to slow fermentation were the frequency of branching and type of linkage of these branched substituents.

Finally, xylans are not only found in terrestrial plants, but are also present in marine resources, such as seaweeds (Table **[2](#T2){ref-type="table"}**). Unique for these xylans is the presence of 1,3-linkages in the backbone, and relatively few substituents.

It is difficult to fully describe all possible covalent linkages in xylan. They do not only vary as a consequence of the plant origin, but some bonds are also selectively broken during isolation processes \[[@r17], [@r23], [@r24]\]. Acetyl, feruloyl and *p*-coumaroyl substituents are alkaline labile (ester linkages are saponified). The chain length can also be decreased by isolation procedures involving heat and pressure \[[@r17]\].

3.. Enzymatic xylooligosaccharides production from plant xylans
===============================================================

The production of XOS from plant materials can be divided into two general stages: xylan extraction (sometimes called pre-treatment), and hydrolysis where the latter can be either enzymatic or thermochemical \[[@r27]\]. Xylan extraction is often performed by using alkaline solutions (1 to 2% w/v) of KOH, NaOH, Ca(OH)~2~, \[[@r28]\] or NH~3~ \[[@r29]\] in a moderate temperature during 2 to 3 hours, with subsequent neutralization. Hot water extraction is another relatively common method, frequently performed under high pressure in an autoclave \[[@r30]\] or in a special pressurized chamber (*e.g.* steam explosion). The choice of method, efficiency in extraction, and need of additional steps in the extraction procedure depends on the type of raw material (methodologies and yields are for example reviewed by Otieno and Ahring, \[[@r27]\]), and a number of combinations of different steps are possible. For example, in cereal bran extraction using hot water, an added pretreatment step involving addition of amylases for starch removal could be necessary to improve purity \[[@r30]\]. In some cases, proteases have also been added in the processing to remove excess of gluten. The sensitivity of the xylan-substituents to the processing conditions should be considered, as it is well-known that *e.g.* feruloyl and acetyl groups, naturally present in xylan, are sensitive to high temperature and alkaline conditions. Prolonged time of heat treatment at high temperature could thus produce (undesirable) side products such as furfural and 5-hydroxymethylfurfural that potentially could inhibit the enzymatic hydrolysis to oligosaccharides.

To date it is predominantly bacterial and fungal enzymes from GH10 and GH11 that are used in trials to produce different types of XOS (Table **[3](#T3){ref-type="table"}**). Bacterial endo-β-xylanases are frequently recombinantly produced, and the genes have mainly been obtained from Gram-positive bacteria classified under the phyla Firmicutes and Actinobacteria. The enzymes derived from Firmicutes commonly include candidates from the classes Bacilli (*Bacillus aerophilus*, *B. halodurans*, *B. mojavensis*, *B. licheniformis*, *B. subtilis, Geobacillus thermodenitrificans*, and *G. thermoleovorans)*, and Clostridia (*Clostridium thermocellum*). Candidates from Actinobacteria are mainly derived from the genus Streptomyces (*Streptomyces rameus*, *S. halstedii*, *S. matensis*, *S. olivaceovirides)* (Table **[3](#T3){ref-type="table"}**). Less commonly, enzymes have been retrieved from bacterial species of other phylogenetic origin, such as the Gram-negative thermophile *Rhodothermus marinus*, from which a thermostable GH10 xylanase have been cloned, produced and used in AXOS and XOS production from hardwood and cereal xylans \[[@r14], [@r30], [@r31]\].

From fungal sources, the enzymes are most commonly originating from different strains of Aspergillus (*Aspergillus foetidus*, *A. nige*r, *A. oryzae*, *A. versicolor*) and produced in the native organism (Table **[3](#T3){ref-type="table"}**). A range of species from other fungal genera has also been used to obtain xylanases, using a combination of recombinant and native organism production systems (*Paecilomyces themophila, Penicillium occitanis, P. funiculosum*, *Pleurotus tailandia*, *Pichia stipites*, *Pseudozyma hubeiensis*, *Sporotrichum thermophile*, *Talaromyces thermophilus*, *Thermoascus aurantiacus*, *Thermomyces lanuginosus, Trichoderma reesei*, and *T. longibrachiatum*) (Table **[3](#T3){ref-type="table"}**).

Recently, a few publications have also indicated use of GH30 candidates for this purpose \[[@r32], [@r33]\]. These enzyme candidates have thus far originated from bacterial and fungal sources (Table **[3](#T3){ref-type="table"}**).

The most common XOS produced by enzymatic hydrolysis are xylobiose (X~2~), xylotriose (X~3~) and xylotetraose (X~4~) (Table **[3](#T3){ref-type="table"}**, Fig. **[2](#F2){ref-type="fig"}**). The pattern of oligosaccharides obtained is to some extent reported to be GH-family dependent. This was for instance shown in a study of *Trichoderma* sp. xylanases reporting that GH10 xylanases had higher activity on small substrate molecules producing preferably XOS with lower DP (X~2~-X~5~), while xylanases from family GH11 were more active on larger xylan substrates and produced XOS with higher DP (X~2~-X~6~) \[[@r34]\]. The higher accessibility of GH11 into larger (insoluble) substrate molecules, could to some extent be attributed to differences in size, as the smaller (generally single domain) GH11 enzymes have better accessibility into the complex structures of xylan, than the bigger (in many cases multidomain \[[@r35]\]) GH10 enzymes. However, two xylanases from the yeast *Pseudozyma hubeiensis*, representing GH10 and GH11, respectively, were reported as non-producers of xylose (X) and X~2~, and both with only X~3~ to X~7~ as main products \[[@r36]\]. This shows that the pattern of XOS is not only family, but also enzyme dependent. Despite hydrolyzing the same chemical bond, the specificity towards heteroxylan differs as a consequence of differences in subsite interactions in the catalytic site (Described in more detail under "Structures of xylanases from GH 10, 11 and 30 (subfamily 8) and their active site interactions", below). In line with this, the activity of a single enzyme is of course dependent on the heteroxylan structure. For instance, the total yield of XOS (X~2~ -- X~5~) in enzymatic birchwood xylan hydrolysis was 20% (w/w) compared to 3.3% hydrolysis of rye flour, after 4 hours, using a thermostable endo-xylanase of *Rhodothermus marinus* \[[@r14]\]. However, in rye flower, only known fragment types were taken into account, leaving out an important fraction of less characterized branched AXOS and XOS (Table **[3](#T3){ref-type="table"}**). In addition to this, processing conditions (*e.g.* temperature, pH, and reaction time), enzyme stability and cycles of reuse (in the case of immobilized enzymes) all affect the yield of AXOS and XOS.

4.. Structures of xylanases from GH 10, 11 and 30 (subfamily 8) and their active site interactions
==================================================================================================

All products formed by a xylanase from a given substrate are results of the substrate specificity which in turn is determined by the structure of the xylanase. The spatial arrangement of the amino acid residues in the active site determines which substrates can form a complex with the xylanase and subsequently be hydrolyzed. Hydrogen bonds and hydrophobic interactions between the xylanase and the substrate favor the binding, yielding a lower binding energy. Each sugar residue in the active site binds into a subsite which is defined by its amino acid interactions to the sugar. The cleavage point divides the sub-sites into glycone and aglycone subsites where sugar residues in the non-reducing and reducing end of the substrate bind into the glycone and aglycone subsites, respectively. The number of glycone and aglycone subsites, the binding energy of the individual sub-sites and the space for substituents are factors influencing the specificity of the xylanase. For the production of short XOS and AXOS, relatively low binding energy in the proximal sub-sites, and in the latter case, space for arabinose substituents, are required.

The reasons for the obtained distribution of XOS from the trials using the xylanases from families 10, 11 and 30 (subfamily 8), summarized in Table **[3](#T3){ref-type="table"}**, are investigated after a deeper study of the available structural data from the respective family (Fig. **[3](#F3){ref-type="fig"}**). As a basis for our discussion, we use the nomenclature recommended for glycoside hydrolase classification as summarized in Schedule **[1](#S1){ref-type="fig"}**, and the subsite nomenclature according to Davies *et al.* \[[@r73]\].

5.. GH10 endo-xylanases
=======================

5.1.. Overall Structure
-----------------------

Members of glycoside hydrolase family 10 belong to the clan A which shares the TIM barrel (α/β)~8~ fold, consisting of alternating α-helices and β-strands. The eight β-strands form a parallel β-sheet with cylindrical shape in the hydrophobic core of the enzyme while the eight α-helices form the outer surface of the enzyme (Fig. **[3A](#F3){ref-type="fig"}**). One face of the enzyme typically has a larger radius than the other, 45 Å compared to 30 Å \[[@r77]\]. The active site is situated at the wider face with the acid/base and nucleophile at the C-terminal end of β-strand 4 and 7, respectively.

5.2.. Specificity
-----------------

GH10 xylanases hydrolyze internal β-1,4-xylosidic linkages in heteroxylan but can tolerate glucose in the active site to some extent. Under low efficiency, even cellooligosaccharides can be hydrolyzed \[[@r77]\]. According to Beaugrand and coworkers, GH10 xylanases have a low capacity to act on insoluble xylan \[[@r78]\], while substitutions to the xylose backbone are not a big hindrance (Table **[4](#T4){ref-type="table"}**) \[[@r78], [@r79]\]. Arabinose substitutions have been observed in crystal structures in subsites -2, +1, +2 and +3 \[[@r80], [@r81]\]. However, only substitutions in subsite -2 are shown for several GH10 xylanases. Substitutions of methylglucuronic acid is accepted in subsite -3 and for some GH10 xylanases also in subsite +1 \[[@r82]\]. Tolerance to glucose units as well as to β-1,3 linked carbohydrates in the aglycone sites suggest that the glycone sites are more specific \[[@r77]\]. Soaking of XOS with a DP up to five into the crystal structures of the GH10 xylanase from *Penicillium simplicissimum* revealed strong binding in the glycone subsites compared to the aglycone sites \[[@r83]\]. X~2~ and X~3~ bound into subsite -2 to -1 and -3 to -1 respectively. Longer substrates resulted in cleavage after the third xylose units from the non-reducing end. The leaving groups, X and X~2~, did not clearly bind into the aglycone subsites. GH10 xylanases show high activity on short XOS indicating a small substrate binding site.

5.3.. Active Site
-----------------

The glycone subsites of the active sites of GH10 xylanases are well conserved (Fig. **[4](#F4){ref-type="fig"}**). In subsite -1, four conserved residues are involved in hydrogen bonding with the substrate; the nucleophile and an Asn to O2 and a Lys and a His to O3 \[[@r83]-[@r85]\]. Subsite -2 is also well conserved regarding hydrogen bonding; a Trp to O2, an Asn to O3 and a Lys to the endocyclic oxygen. An additional hydrogen bond from Glu is present in many GH10 xylanases. Lack of this hydrogen bond in CjXyn10C from *Cellvibrio japonicus* reduced the affinity for XOS but not for xylan \[[@r84]\]. Existence of a -3 subsite varies within the family, when it exists, a Tyr performs stacking interaction with the xylose unit which gives rise to a strong binding affinity \[[@r84]\].

The amino acids making up the aglycone subsites are less conserved, which can explain differences in hydrolysis products among different members of the family \[[@r81], [@r86]\]. These subsites are more dominated by aromatic residues favoring hydrophobic interaction rather than hydrogen bonding \[[@r87]\]. Hydrophobic interaction from at least one aromatic residue is conserved in the +1 subsite, but in some cases the xylose unit is sandwiched between two aromatic residues \[[@r81], [@r83], [@r84], [@r88], [@r89]\]. The O2 and O3 of the xylose unit bound in subsite -1 are completely hidden and substitution in subsite -1 is not possible \[[@r90]\]. The ability to hydrolyze glucose derived substrates was found in Cex from *Cellulomonas fimi* in subsites -1 and -2 where a Trp and a Gln, respectively, was rearranged to avoid steric hindrance of the extra hydroxylmethyl group of glucose \[[@r91]\]. For Xyn10A from *Streptomyces lividans*, the same rearrangement is necessary for binding of glucose units but results in a higher energy penalty, which could explain the lower activity on glucose derived substrates for this enzyme \[[@r92]\].

6.. GH11 endo-xylanases
=======================

6.1.. Overall Structure
-----------------------

Glycoside hydrolase family 11 consists so far only of xylanases and the structure is more conserved compared to GH10 \[[@r77]\]. The family is characterized by a small molecular mass, \< 30 kDa. GH11 belongs to clan C which has a β-jelly roll fold. The structure contains two antiparallel β-sheets and one α-helix. The β-sheets A and B have the shape of fingers, palm and thumb of a right hand where the fingers and the thumb are slightly bent (Fig. **[3B](#F3){ref-type="fig"}**) \[[@r93]\]. The larger and twisted β-sheet B makes up the thumb and the inside of the hand whereas the smaller β-sheet A makes up the outer part of the fingers. The α-helix is situated beneath β-sheet B, close to the thumb.

6.2.. Specificity
-----------------

GH11 enzymes show high activity towards heteroxylan with a backbone of xylose units, while glucose in the backbone is not permitted. Cellulases from GH12 are also members of Clan C but do not comprise the thumb loop. These cellulases generally allow both glucose and xylose in the active site. In GH11, the thumb narrows the binding cleft and the additional hydroxylmethyl group of glucose does not fit. Also, the acid/base catalytic residues are perpendicular in the two families, where the position in GH11 prevents glucose from binding due to steric hindrance and loss of hydrogen bond to O6 of the glucose unit \[[@r93]\] (Paës *et al.*, 2012). GH11 enzymes prefer longer substrates and show no activity on XOS with a DP \> 3. The affinity for XOS increases from DP3 up to DP5 \[[@r93]\]. GH11 enzymes do not tolerate any decorations in subsite -1 or +1 due to the narrow binding cleft. However, substitution with arabinofuranosyl residues is in many GH11 xylanases possible in subsite -3, -2, and +2, as well as 4-*O*-methylglucuronic acid substitution in subsites -3 and +2 (Table **[4](#T4){ref-type="table"}**) \[[@r93]\]. Linkages of the type β-1,3 is a larger obstacle for GH11 xylanases compared to enzymes from GH10 \[[@r77], [@r79]\]. The restrictions of substitutions generally result in a lower yield of total degradation of substituted xylan compared to GH10 xylanases which tolerate a higher degree of substitutions in the active site \[[@r77], [@r79]\]. However, probably due to the smaller size of GH11 xylanases, these are more efficient in degrading insoluble xylan compared to GH10 xylanases \[[@r78]\].

6.3.. Active Site
-----------------

The active site of GH11 xylanases is situated in a long, narrow and deep cleft in the palm of the hand. The nucleophile and catalytic acid/base are situated in the middle of the cleft. The cleft can be 30-35 Å long suggesting five or six subsites. Previously, biochemical data have suggested up to seven subsites for some GH11 xylanases due to an increase in activity on XOS with increasing DP up to seven \[[@r94], [@r95]\]. However, five subsites, -2 to +3, is common for most GH11 xylanases which have been characterized based on structural studies of conserved interactions (Fig. **[5](#F5){ref-type="fig"}**) \[[@r93]\]. Subsite -1 provides two hydrogen bonds from Arg and Pro of the thumb loop and subsite -2 provides one hydrogen bond from a Tyr and stacking interaction with a Trp. Further, two Tyr-residues in the +1 and +2 subsites are well conserved and important for both subsite binding and activity \[[@r93], [@r96]\]. At least three more conserved aromatic residues are involved in substrate binding in subsite +2 and +3 \[[@r97]\]. Mutation of an important stacking interaction in the +3 subsite of BsXynA from *Bacillus subtilis* decreased the activity of the enzyme suggesting that the +3 subsite is important for activity due to unfavorable binding energies of the closer aglycone subsites. This finding would explain the low activity on XOS with a DP \< 3 \[[@r97], [@r98]\].

6.4.. Thumb Loop
----------------

The thumb loop is well conserved and the most flexible part of GH11 xylanases, and adopts several conformations \[[@r99]\]. During substrate binding and product release the loop moves up to 3.6 Å shifting between an open and a closed conformation. Modelling of the enzymes reveal observations of more stable conformations with even larger changes, up to 10 Å, during substrate binding, hydrolysis and product release. In most GH11 xylanases, the thumb loop consists of eleven residues, the residues in the tip being Pro, Ser, Ile, any amino acid and Gly. During substrate binding, the Pro and Ser interact with the substrate in the narrowest part of the active site, subsite -2 and -1. It is possible that the loop aids in product release by a catapult mechanism where Ile on the tip of the thumb is positioned behind the product and pushes it away from the enzyme \[[@r99]\].

7.. GH30 subfamily 8 endo-xylanases
===================================

7.1.. Overall Structure
-----------------------

The first xylanases assigned to GH30 were previously members of GH5 but were reclassified as phylogenetic analysis showed that they were more similar to GH30 \[[@r100]\]. GH5 and GH30 are, like GH10, members of Clan A which share the TIM-barrel (α/β~8~) fold. GH30 enzymes distinguish from GH5 by having the catalytic module fused with a β-structure consisting of a 9-stranded aligned β-sandwich structure (Fig. **[3C](#F3){ref-type="fig"}**). Both the N- and C-terminal of the catalytic module is connected with the side β-structure. The hinge-region connecting to the side β-sequence is well conserved in GH30 enzymes. Another well conserved region is a continuous region starting from α-helix 3 and ending at the catalytic acid/base on β-strand 4. These features are not shared with GH5 enzymes which also differ from GH30 by a cap-like structure in the N-terminus at the non-catalytic side of the barrel. GH30 is divided into 8 subfamilies, mainly separated based on the arrangement of the secondary structure forming the side β-structure. Xylanase activity is mainly found in subfamily 8, the only exception being two characterized but not structure determined xylanases in subfamily 7 (*[www.cazy.org](http://www.cazy.org)*) \[[@r101], [@r102]\]. Today (March 2016), four characterized GH30 xylanases are structure determined: BsXynC from *Bacillus subtilis* \[[@r103], [@r104]\], EcXynA from *Erwinia chrysanthemi* \[[@r76], [@r105]\], CpXyn30A from *Clostridium papyrosolvens* \[[@r106]\] and Xyn30D from *Paenibacillus barcinonensis* \[[@r107]\] as well as the not characterized Xyn30A from *Clostridium thermocellum* (PDB structures 4CKQ, 4UQ9 and 4UQA to AUQE).

7.2.. Specificity
-----------------

BsXynC and EcXynA were the two first xylanases to be placed in GH30 and present the common features of GH30_8 xylanases. They differ from xylanases in family 10 and 11 by having a high selectivity for glucuronoxylan and xylooligosaccharides substituted with glucuronic acid (GlcA) or methylglucuronic acid (MeGlcA) via an α-1,2 linkage (Table **[4](#T4){ref-type="table"}**). These enzymes show very low selectivity for unsubstituted xylan, arabinoxylan and XOS. Thus, the two enzymes are assigned to EC 3.2.1.136 (glucuronoarabinoxylan endo-1,4-β-xylanase, with low activity in EC3.2.1.8). Xyn30D from *Paenibacillus barcinonensis* is only assigned to EC 3.2.1.136 and is exclusively active on glucuronoxylan \[[@r107]\]. Another structure determined GH30_8 enzyme, CpXyn30A from *Clostridium papyrosolvens,* is however showing opposite selectivity, and is only assigned to EC 3.2.1.8 \[[@r106]\]. This xylanase shows moderate activity on glucuronoxylan while it is active on arabinoxylan and XOS.

7.3.. Active Site
-----------------

BsXynC and EcXynA have similar overall subsite interactions characterized by very strong interactions between the substituent group in subsite -2 and weaker interaction to the xylose residues (Fig. **[6](#F6){ref-type="fig"}**). At least five hydrogen bonds and also ionic interactions with the substituent have been observed, whereas only stacking interactions and one or two hydrogen bonds are formed with each xylose residue in subsite -3, -2 and -1. Several of the amino acids interacting with the substituent in subsite -2 are situated on the β~8~-α~8~ and β~7~-α~7~ loops. Stacking interactions seem to be dominating in the aglycone subsites. The xylan chain is observed to be bent, compared to its regular 3-fold configuration, while bound in the active site. Both the stacking interactions in the aglycone subsites and the very strong interaction to the charged substituent in subsite -2 are responsible for the bending that facilitates hydrolysis. Due to the weak interactions with the xylose units comprising the xylan backbone in the glycone subsites, a linear chain of xylan will not get the correct conformation for hydrolysis. An uncharged substituent, like an arabinofuranosyl residue, will also not generate strong enough interactions for hydrolysis to occur. Thus, these xylanases generally show low activity on arabinoxylan and unsubstituted xylan.

However, the more recently structure determined CpXyn10A does not share these features and shows several structural differences \[[@r106]\]. The altered specificity of this enzyme is believed to be a result of residue changes in the β~8~-α~8~ loop in CpXyn10A (lacking several of the important amino acid interactions described in the other GH30_8 xylanases) and the β~7~-α~7~ loop also display differences resulting in loss of interactions to a glucuronic acid substituent.

7.4.. β-Structure
-----------------

The side β-structure of BsXynC binds glucuronic acid substituted xylooligosaccharides in a similar manner as the catalytic site with strong interaction to the substituent, suggesting that this structure has a substrate recognition function similar to CBMs. A binding site in the β-structure of EcXynA has also been proposed. However, the binding site of the β-structure proposed for EcXynA is not conserved within GH30_8 \[[@r107]\]. Interestingly, BsXynC shows the highest overall identity to Xyn30D but when comparing only the β-structure CpXyn30A shows the highest identity to Xyn30D despite the great difference in specificity of the two xylanases \[[@r107]\]. Both CpXynA and Xyn30D are bimodular containing a carbohydrate binding module.

8.. Stability adaptations of xylanases used in (A)XOS production
================================================================

Stability of xylanases is another factor of importance, for the process of converting xylan to (A)XOS. Adaptations to different conditions such as high and low temperature, acidic and alkaline environments are found in many xylanases and are of special interest for industrial applications such as (A)XOS productions.

High temperatures for instance, reduce the viscosity of the reaction-mix facilitating the enzyme-substrate interactions, particularly when the xylan substrates have high molecular weight and low solubility \[[@r1]\]. Therefore, thermostable enzymes are advantageous. Use of thermostable enzymes at suboptimal temperatures also increases the half-life allowing long processing that favor a more complete hydrolysis and higher product yields \[[@r14], [@r37]\].

Several thermostable GH11 xylanases used in XOS production (Table **[3](#T3){ref-type="table"}**) have been structure determined, *e.g.* the recombinant rXynA from *Bacillus subtilis* strain 168 (1A1) \[[@r108]\], TfGH11 from *Thermobifida fusca* \[[@r109]\] and XynA from *Thermomyces lanuginosus* \[[@r75]\]. These three enzymes have a higher ratio of hydrophobic residues, especially Tyr and Trp, compared to mesophilic GH11 xylanases. These residues are believed to keep the integrity of the protein by strengthening of the hydrophobic core. The study of rXynA revealed that the fingers and palm of the β-jelly fold are rigid structures and that an increased optimal temperature depends on temperature dependent conformational changes in the thumb region. In TfGH11, non-conserved water mediating hydrogen bonds in the glycone binding site was observed and believed to increase the internal hydrophobicity by fewer solvent-exposed residues. For *T. lanuginosus* XynA, thermostability was explained by a non-conserved disulphide bridge and an increase in the number of ion-pair interactions compared to mesophilic GH11 xylanases.

In GH10, Xyn10A from *Thermoascus aurantiacus* is a thermostable xylanase, keeping maximum activity for eight hours at 70 °C \[[@r110]\]. Special features found in the structure of the xylanase, believed to account for the thermostability include: i) efficient packaging of the hydrophobic core, ii) stabilization of helices and iii) absence of long flexible loops \[[@r111], [@r112]\]. A proline in α-helix 6 was found to introduce an extra hydrogen bond between α-helix 6 and 7 and ten salt bridges were found in the xylanase, one which connected the bottom of β-strand 4 and 7 containing the catalytic residues. Six short helices were also observed which are believed to aid shortening of the connecting loops.

Enzymes working at different pHs can also be advantageous for processing. An example operating in a relatively broad pH spectrum is the GH11 xylanase Xyn11A from *Trichoderma reesei* RUT-30 which is active from pH 4 to 7.5 \[[@r113]\]. By solving the structure at two different pH, the optimum pH of 5.0 and pH 6.5, two different conformations of the protein were revealed involving several residues in the active site \[[@r113], [@r114]\]. Especially the catalytic acid/base which shows a large conformational change, and differences in hydrogen bonding which alters its pK~a~ at the two conditions, is believed to increase the activity at higher pH \[[@r98]\].

The GH10 xylanase Xyn10A from *Bacillus halodurans* is an alkaliphilic xylanase with pH optimum above 9 \[[@r115]\]. It contains a higher percentage of Arg and His and lower percentage of alkali labile Asn residues in its amino acid composition. This type of composition has been pointed out to cause the tolerance to high pH. Other proposed features in the structure promoting high pH tolerance include the formation of a water shield from an excess of negative charges on the surface, hydrophobic and acidic residues in the active site, an acidic surface and a deep active site.

Apart from structural features, enzyme immobilization is another way to increase the stability. For instance, multipoint covalent immobilization of xylanase in glyoxyl-agarose derivative resulted in stable preparations of a xylanase from *Aspergillus versicolor.* The stabilizing factor was 240 compared to the soluble enzyme at 60 °C, and the XOS yield was 13 and 18% for soluble enzyme and the glyoxyl derivative, respectively \[[@r66]\]. Immobilization of a xylanase from *Streptomyces halstedii* resulted in an increase of 10 °C of the optimal temperature for xylan hydrolysis \[[@r42]\]. Immobilization can also increase pH stability as for a *Penicillum occitanis* xylanase immobilized in chitosan with glutaraldehyde by covalent coupling \[[@r56]\]. Another advantage of immobilization is of course the possibility to reuse the immobilized enzymes.

9.. Further development of enzymatic processing for production of different XOS
===============================================================================

9.1.. Combinations of Xylanases with Accessory Enzymes
------------------------------------------------------

Since xylans are naturally heterogeneous and contain diverse substituent decorations (Fig. **[2](#F2){ref-type="fig"}**), optimal enzymatic hydrolysis may include a combined use of debranching enzymes together with endo-xylanases. The accessory enzymes include α-arabinofuranosidases (EC 3.2.1.55), α-glucuronidases (EC 3.2.1.139) and acetyl xylan esterases (EC 3.1.1.72). The degree of synergy can be determined by dividing the total activity of the combination of enzymes used by the sum of activities of each enzyme separately, where any value higher than one indicates synergy. To date, relatively few studies have been made to evaluate and show synergy between endo-xylanases and accessory enzymes in production of different types of XOS. A few examples are however published, proving possibilities to increase the yield by using combinations of enzymes. One example is the combination of endo-xylanase and arabinofuranosidase. Arabinofuranosidases (Abfs) are a diverse group of enzymes, with α-1,2, α-1,3 and α-1,5 hydrolyzing activities grouped in families GH3, GH43, GH51, GH54 and GH62 (*[www.cazy.org](http://www.cazy.org)*), and for xylan degradation, α-1,2 and α-1,3 activities are of interest \[[@r116]\]. Synergy in XOS production has for example been reported between a GH11 xylanase (XynC from *Penicillium funiculosum*) and a GH54 AbfB of *Aspergillus niger.* In this case, the degree of synergy was higher on insoluble wheat flour arabinoxylan (1.6) than on rye flour arabinoxylan (1.2) \[[@r57]\]. This result shows that combinations with accessory enzymes can be useful together with a GH11 xylanase which preferentially hydrolyzes debranched xylan \[[@r82]\]. Acetyl groups could be another hindrance for hydrolysis of xylans by endo-xylanases and is thought to be an adaptive defense by plants towards endo-xylanases from phytopathogen organisms \[[@r102]\]. The most frequent acetylation positions are 2 and 3, including double acetylation of both position 2 and 3 in the xylopyranosyl residues \[[@r117]\]. Alkaline extraction removes acetyl groups and with this pretreatment, no acetylxylan esterases (AcXEs) are needed for the subsequent action of endo-xylanases. However, hydrothermal pretreatment and dimethylsulfoxide (DMSO) extraction results in partially acetylated xylan, and for such raw materials AcXEs could be useful. XOS from oat-spelt have also been produced in higher yield using an endo-xylanase in presence of a thermostable AcXE from *Thermobifida fusca*, showing a synergetic action \[[@r118]\].

To the best of our knowledge, no synergetic studies between endo-xylanases and glucuronidases for production of XOS are yet reported. Glucuronidases acting on glucuronoxylan are grouped into GH67 and GH115. There is no evidence that GH67 α-glucuronidases can use high molecular mass glucuronoxylan. They only remove MeGlcA or GlcA from the non-reducing end of fragments of glucuronoxylan. In contrast, some members of the family GH155, such as α-(4-*O*-methyl)-glucuronidase from *Pichia stipis* CBS 6054, can hydrolyze MeGlcA side chains from terminal or internal positions in glucuronoxylan \[[@r119]\], and could be interesting to explore for synergistic studies with endo-xylanases from GH10 or GH11.

Studies on synergy between enzymes for XOS production should thus consider several important factors: selection of raw material, type of pretreatment, substrate analysis and the selection of the main and accessory enzymes \[[@r120]\]. In most of the studies on synergy for the production of XOS done to date, two enzymes were used. Due to the complexity of the different xylan sources, a higher number of enzymes and combinations could be investigated with the aim to increase the overall yield of XOS. On the other hand, excessive debranching would give mostly linear XOS, while certain branched xylooligosaccharides, such as AXOS, ferouyl-XOS, and glucuronyl-xylooligosaccharides, can have attractive biological effects. Selected combinations of main and accessory enzymes should hence also focus on the possibilities to produce new xylooligo-derivatives.

9.2.. New Enzymes Acting on Heteroxylan Substrates
--------------------------------------------------

Development of new XOS mainly depends of the use of a variety of enzyme activities. So far, the use of endo-xylanases for XOS production is concentrated to candidates from families GH10 and GH11, and to much lesser extent enzymes from GH30. However, increased possibilities to obtain XOS could reside in the use of xylanases from additional families where these activities occur (Table **[1](#T1){ref-type="table"}**), including *e.g.* GH8 and GH5. In GH5 more than one subfamily (yet with few characterized candidates) are reported to act on xylan, including one arabinoxylan-specific endo-β-1,4-xylanase (EC 3.2.1.-) from *Ruminiclostridium thermocellum* which hydrolyzes arabinoxylans with O3 of arabinose linked to the reducing end xylose, but not unsubstituted xylans \[[@r121]\]. In family GH8 different enzyme candidates are also available, such as the cold-adapted xylanase from the psychrophilic Antarctic bacterium *Pseudoalteromonas haloplanktis*, which has higher activity at lower temperature than mesophilic counterparts, with increased flexibility, enhancing accommodation and transformation of the substrates at low energy costs \[[@r122]\].

9.3.. *In Vitro* Studies of XOS Utilization and Need of Enzyme Production in GRAS Hosts
---------------------------------------------------------------------------------------

One of the main applications of XOS is in functional food manufacture, due their prebiotic effects. XOS are not digestible by human enzymes, but stimulate selectively the growth of beneficial gastrointestinal flora, such as lactic acid bacteria and bifidobacteria. *In vitro* assays have shown that X~2~ and X~3~ promote the growth of *Bifidobacterium adolescentis*, *B. infantis*, *B. longum*, *B. bifidum* (reviewed by Vázquez *et al.* \[[@r123]\]) and lactic acid bacteria such as *Lactobacillus brevis* \[[@r37]\] including new potential probiotic strains of *Weissella* \[[@r124], [@r125]\] while short AXOS are more selective for *Bifidobacterium* strains \[[@r14], [@r31]\]. Other biological effects tested *in vitro* are antimicrobial effects of acidic xylooligosaccharides, such as aldotetrauronic and aldopentauronic acids \[[@r58]\], and antioxidant activities of XOS from sugarcane bagasse \[[@r70]\].

Manufacture of XOS for food requires the use of enzymes that either are produced in GRAS (generally recognized as safe) organisms, or purified after production combined with testing of the purified enzyme to assure that levels of *e.g.* endotoxins are below a certain level. Production in a GRAS organism is generally a preferred alternative, considering both safety and costs. The GRAS organism can be either the native organism or a host for recombinant production. One option for use of native xylanase production is to use enzyme-secreting GRAS organisms, such as different fungal species of *Aspergillus* (*e.g.* used in the examples in Table **[3](#T3){ref-type="table"}**). The other option is production of recombinant xylanases in GRAS hosts, such as the yeasts *Pichia* and *Saccharomyces*, the fungus *Aspergillus* or bacterial GRAS hosts, such as *Bacillus* or *Corynebacterium*.

Conclusions and future perspectives
===================================

Endo-xylanases play a key role in the production of high value XOS from agricultural by-products and other low cost raw material. The structural diversity of XOS produced depends of the type of substrate, pretreatment and structure/function of enzyme or enzymes utilized. Most of the endo-xylanases utilized to date belong to GH10 and GH11, GH10 being more tolerant to utilize decorated xylan as substrate, while GH11 enzymes are more restrictive in binding xylan with side groups in the active site. The smaller size of GH11 enzymes can however facilitate their penetration into insoluble substrates. Stability adaptations of endo-xylanases to *e.g.* high temperatures are also important for efficient processing, and as stable enzymes are found, and strategies for stabilization are identified, this is expected to facilitate use of enzymatic processing for production of XOS. The increased knowledge on the diversity specificity at a structural level is expected to lead to both improvement of the yields of XOS (by combining enzymes), as well as diversification of the types of XOS produced (using specific enzymes). The expansion of new XOS structure-derivatives (*e.g.* using new candidate enzymes from GH5, GH8 and GH30) is an attractive field that may lead to production of oligosaccharides with biological activities that potentially benefits human/animal health. Combination of accessory enzymes, such as arabinofuranosidases, glucuronidases and acetyl esterases, with endo-xylanases is expected to lead to increased yields (due to synergism), but may also result in new types of XOS derivatives.
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![**Schedule 1.** Terminology for Glycoside hydrolase classification. Adapted from *[www.cazy.org](http://www.cazy.org)*.](CPPS-19-48_S1){#S1}

![**Schedule 2.** Definitions of prebiotics, probiotics and synbiotics \[[@r12]\].](CPPS-19-48_S2){#S2}

![Representation of the chemical mechanisms for endo-xylanases based on the general mechanism of glycoside hydrolases \[[@r7]\]. **(A)** Inverting. The reaction occurs via single displacement where one carboxylic group is the general base and the other one is the general acid, and these residues are situated around 10.5 Å from each other. **(B)** Retaining. The reaction occurs via double displacement where one carboxylic group acts as general acid/base, and the other one as nucleophile forming a covalent intermediate. In this case, both carboxylic groups are situated around 5.5 Å from each other. In both mechanisms the transition states adopt distorted conformations due the oxocarbenium-ion-like structure, with boat (^2,5^B in GH11) and half-chair (^4^H~3~ in GH10) conformations being most energetically favored \[[@r8]\].](CPPS-19-48_F1){#F1}

![Hypothetical substituted xylan (**1**) and some examples of the wide variety of potential oligosaccharides produced by the activity of endo-β-xylanases: (**2**) arabinoxylobiose (A^3^X), (**3**) double substituted arabinoxylotriose (XA^2+3^X), (**4**) 4-*O*-methylglucuronoxylotriose (XU^4m2^X), (**5**) feruloylated arabinoxylotriose (XA^5f3^X), (**6**) xylobiose (X~2~), (**7**) xylotriose (X~3~) and (**8**) xylotetraose (X~4~). One-letter code system (in brackets) for oligosaccharides used here is according with the proposed by Fauré \[[@r18]\].](CPPS-19-48_F2){#F2}

![Representative xylanases. To the left, side view and to the right, top view. **(A)** Xys1Δ from *Streptomyces halstedii*, PDB 1NQ6 \[[@r74]\], illustrating the typical TIM-barrel of GH10 xylanases. The α-helices and β strands of the (α/β)~8~ fold are colored in orange and green respectively. **(B)** XynA from *Thermomyces lanuginosus*, PDB 1YNA \[[@r75]\], illustrating the typical β-jelly roll fold of GH11 xylanases. The α-helix and β-sheets A and B are colored in purple, yellow and red, respectively. **(C)** EcXynA from *Erwinia chrysanthemi*, PDB 1NOF \[[@r76]\], illustrating the typical TIM-barrel with the side β-structure of GH30 subfamily 8 xylanases. The β-strands of the β-structure are colored in blue and the α-helices and β-strands of the (α/β)~8~ fold are colored in orange and green respectively. *(The color version of the figure is available in the electronic copy of the article).*](CPPS-19-48_F3){#F3}

![A typical active site of GH10 xylanases, here illustrated by SoXyn10A from *Streptomyces olivaceoviridis* E-86, PDB entry 1V6X \[[@r80]\]. The amino acids are colored in accordance with subsite-numbering; -2: pink, -1: green, +1: orange and +2: red. The catalytic residues are colored in yellow. Lys48 is also a part in subsite -2 (pink) and Trp266 is also a part of subsite -1 (green). *(The color version of the figure is available in the electronic copy of the article).*](CPPS-19-48_F4){#F4}

![A typical active site of GH11 xylanases, here illustrated by Xyn11A from Trichoderma reesei RUT-C30, PDB 1XYO \[[@r98]\]. The amino acids are colored in accordance with subsite-numbering; -2: pink, -1: green, +1: orange, +2: red, and +3: purple. The catalytic residues are colored in yellow. *(The color version of the figure is available in the electronic copy of the article).*](CPPS-19-48_F5){#F5}

![A typical active site of a GH30_8 xylanase with glucuronoxylanase activity, here illustrated by BcXyn30C from *Bacillus subtilis*, PDB 3KLO \[[@r104]\]. The amino acids are colored in accordance with subsite-numbering; -2: pink, -2 substitution: cyan, -1: green, +1: orange and +2: red. The catalytic residues are colored in yellow. Tyr204 is also a part of subsite +1 (orange), Trp268 is also a part of subsite -1 (green) and Arg272 as well as Trp27 are possibly part of subsite -3. *(The color version of the figure is available in the electronic copy of the article).*](CPPS-19-48_F6){#F6}

###### 

Glycoside hydrolase (GH) families including enzymes with EC 3.2.1.8 (endo-1,4-β-xylanase) specificity and/or other specificity for endo-activity on substituted xylans (from *[www.cazy.org](http://www.cazy.org)*, March 2016).

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Clan**\                                                  **Family**\                              **Mechanism**     **Subfamily**\                                     **EC number**                                                 **Number of characterized endo-xylanases**   **Number of structure determined endo-xylanases**
  (overall fold)                                             (number of characterized enzymes)                          (number of characterized enzymes)                                                                                                                             
  ---------------------------------------------------------- ---------------------------------------- ----------------- -------------------------------------------------- ------------------------------------------------------------- -------------------------------------------- ---------------------------------------------------
  GH-A\                                                      GH5\                                     retaining         *subfamily 1-53*                                                                                                                                              
  ((αβ)~8~)                                                  (538)                                                                                                                                                                                                                    

  subfamily 4\                                               EC 3.2.1.8/3.2.1.4 (cellulase)           4(bifunctional)   1                                                                                                                                                             
  (95)                                                                                                                                                                                                                                                                                

  subfamily 21\                                              EC 3.2.1.8                               4                 0                                                                                                                                                             
  (4)                                                                                                                                                                                                                                                                                 

  subfamily 25\                                                                                       1(bifunctional)   1                                                                                                                                                             
  (11)                                                                                                                                                                                                                                                                                

                                                                                                                                                                                                                                                                                      

  subfamily 34\                                              EC 3.2.1.- (arabinoxylan specific)       1                 1                                                                                                                                                             
  (1)                                                                                                                                                                                                                                                                                 

  GH10\                                                      retaining                                *-*               EC 3.2.1.8                                         \>300                                                         38                                           
  (342)                                                                                                                                                                                                                                                                               

  GH30\                                                      retaining                                *subfamily 1-8*                                                                                                                                                                 
  (34)                                                                                                                                                                                                                                                                                

  subfamily 8\                                               enzymes acting on xylan/glucuronoxylan                                                                                                                                                                                   
  (15)                                                                                                                                                                                                                                                                                

  EC 3.2.1.8                                                 10                                       1                                                                                                                                                                               

  EC 3.2.1.136 (glucuronoarabinoxylan endo-1,4-β-xylanase)   2                                        1                                                                                                                                                                               

                                                             EC 3.2.1.8/3.2.1.136                     3(bifunctional)   2                                                                                                                                                             

                                                                                                                                                                                                                                                                                      

  GH51\                                                      retaining                                *-*               GH-family of predominantly arabinofuranosidases\   1(bifunctional)                                               0                                            
  (76)                                                                                                                  EC 3.2.1.8/3.2.1.4                                                                                                                                            

  GH-C\                                                      GH11\                                    retaining         *-*                                                EC 3.2.1.8                                                    \>250                                        29
  (β-jelly roll)                                             (270)                                                                                                                                                                                                                    

  GH-F\                                                      GH43\                                    inverting         *subfamily 1-37*                                   GH family of mainly exo-acting enzymes                                                                     
  (5-fold β-propeller)                                       (139)                                                                                                                                                                                                                    

  subfamily16                                                EC 3.2.1.8                               3                 0                                                                                                                                                             

  EC 3.2.1.8/3.2.1.55 (arabinofuranosidase)                  2(bifunctional)                          0                                                                                                                                                                               

  subfamily29                                                EC 3.2.1.8                               1                 0                                                                                                                                                             

  GH-M\                                                      GH8\                                     inverting         *-*                                                multi-specific family:                                                                                     
  (α/α)~6~                                                   (71)                                                                                                                                                                                                                     

  EC 3.2.1.8                                                 8                                        1                                                                                                                                                                               

  EC 3.2.1.156 (oligosaccharide reducing-end xylanase)       4                                        1                                                                                                                                                                               

  No clan                                                    GH98\                                    inverting         *-*                                                small GH family with galactosidase and xylanase activities\   \                                            \
                                                             (5)                                                                                                           EC 3.2.1.8                                                    1                                            0
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

General properties of xylans from different sources.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Xylan**                   **Source**    **Back-bone linkage**   **DP**       **Major functional groups**                                                                                              **References**
  --------------------------- ------------- ----------------------- ------------ ------------------------------------------------------------------------------------------------------------------------ -----------------------------------
  *O*-acetyl-4-*O*-methyl-\   Hardwood      β-1,4                   150-200      Acetyl-groups \[5-7 residues/10 xylose residues (linked at C2 or C3)\]\                                                  \[[@r2], [@r17], [@r19], [@r25]\]
  glucuronoxylan                                                                 4-*O*-methylglucuronic acid \[1 residue/10 xylose residues (linked at C2)\]                                              

  Arabino-4-*O*-methyl-\      Softwood      β-1,4                   70-130       4-*O*-methylglucuronic acid \[2 residues/10 xylose residues (linked at C2)\]\                                            \[[@r2], [@r17], [@r19], [@r25]\]
  glucuronoxylan                                                                 α-[l]{.smallcaps}-arabinofuranose \[1 residues/10 xylose residues, linked by 1,3-linkages (at C3) to the main chain.\]   

  Arabinoxylans               Grasses       β-1,4                   \>70         [l]{.smallcaps}-arabinofuranose linked by 1,3-linkages (at C2 or C3) to the main chain\                                  \[[@r2], [@r17], [@r21], [@r22]\]
                                                                                 4-methyl-D-glucuronic acid and smaller proportions of D-glucuronic acid\                                                 
                                                                                 Acetyl-groups\                                                                                                           
                                                                                 ferulic or coumaric acid (small amounts, esterified to C5)                                                               

  Mixed linkage xylan         red algae     β-1,4, β-1,3            25-80        Methyl-groups\                                                                                                           \[[@r4], [@r6], [@r26]\]
                                                                                 (sulfation)                                                                                                              

  Xylan                       green algae   β-1,3                   approx. 40   Methyl-groups                                                                                                            \[[@r4], [@r5], [@r26]\]
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Xylanases used in the production of xylooligosaccharides as potential prebiotics listed together with recent publications using the respective enzyme.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Source**                                                                  **Enzyme**                               **Structure**\        **Xylan source**                                                                        **Main products^2^**                             **Temperature (°C)**   **pH**        **Time course (h)**   **References**
                                                                                                                       **PDB^1^**                                                                                                                                                                                                                
  --------------------------------------------------------------------------- ---------------------------------------- --------------------- --------------------------------------------------------------------------------------- ------------------------------------------------ ---------------------- ------------- --------------------- ----------------
  *Bacillus halodurans* S7                                                    XynA                                     2UWF                  Wheat straw                                                                             X~2~, X~3~                                       60                     9             24                    \[[@r37]\]

  *Bacillus subtilis*                                                         Sunzymes, Sunhy Biology Co. Ltd, China                         Wheat bran                                                                              X~2~ - X~7~                                      50                     5             16                    \[[@r38]\]

  *Clostridium thermocellum* ATCC 27405                                       XynZ                                                           Sugarcane bagasse                                                                       X~2~ - X~4~                                      50                     6.4           5                     \[[@r39]\]

  *Geobacillus thermodenitrificans* TSAA1                                     rXyl-gtd                                                       Wheat, oat spelts, birchwood, beech wood, wheat bran, corn cobs and sugarcaneb agasse   X~2~ - X~4~                                      70                     9             2                     \[[@r40]\]

  *Geobacillus thermoleovorans*                                               (*xyl-gt*)                                                     Wood and agro-residue                                                                   X~2~ - X~5~                                      80                     8.5           12                    \[[@r41]\]

  *Rhodothermus*\                                                             RmXyn10A                                                       Hardwood and cereal xylans                                                              X~2~ - X~5~                                      70                     7.5           24                    \[[@r14]\]
  *marinus* DSM 4252                                                                                                                                                                                                                                                                                                                             

  *Streptomyces halstedii* JM8                                                Xys1S                                    1NQ6                  Beechwood                                                                               X~2~                                             55                     5             30                    \[[@r42]\]

  *Streptomyces olivaceovirides* E-86                                         Crude\                                   1XYF                  Birchwood, oat spelt, and beechwood                                                     X~2~, X~3~                                       55                     6.3 and 5.8   24                    \[[@r43]\]
                                                                              FYNX                                                                                                                                                                                                                                                               

  ***GH11 and GH30 bacterial endo-xylanases***                                                                                                                                                                                                                                                                                                   

  *Bacillus mojavensis* UEB-FK                                                XynB                                                           Garlic straw                                                                            X~2~, X~3~                                       60                     4             24                    \[[@r44]\]

  *Bacillus licheniformis*                                                    BlxA                                                           Birchwood                                                                               X~2~ - X~5~                                      40                     6             24                    \[[@r45]\]

  *Bacillus subtilis* 1A1                                                     rXynA                                    1XXN                  Birchwood                                                                               X~2~ - X~4~                                      50                     5.5           24                    \[[@r46]\]

  *Bacillus subtilis*                                                         XynA                                                           Sugarcane bagasse                                                                       X~3~ - X~5~                                      50                     6             48                    \[[@r47]\]

  *Bacillus subtilis* MR44                                                    Crude Xyn30C, (GH30) Xyn11A (GH11)       3GTN (Xyn30C)         Sweet sorghum                                                                           U-XOS with DP X~11~-X~12~                        37                                   48                    \[[@r33]\]

  *Streptomyces matensis* DW67                                                Purified                                                       Birchwood                                                                               X~2~, X~3~                                       50                     7             24                    \[[@r48]\]

  *Thermobifida fusca* NTU22                                                  Crude product                            3ZSE                  Oat-spelt, corncob, bagasse, wheat bran, and peanut shell                               X~2~                                             60                     7             10                    \[[@r49]\]

  ***Non classified bacterial endo-xylanases***                                                                                                                                                                                                                                                                                                  

  *Bacillus aerophilus* KGJ2                                                  Extracted                                                      Corncob                                                                                 X~2~ - X~4~                                      70                     4             48                    \[[@r50]\]

  *Bacillus mojavensis* A21                                                   Xyn1\                                                          Corncob                                                                                 X~2~, X~3~                                       50                     8             24                    \[[@r51]\]
                                                                              Xyn2                                                                                                                                                                                                                                                               

  *Bacillus subtilis* KCX006                                                  Crude xylanase                                                 Sugarcane bagasse                                                                       X~2~, X~3~ and substituted XOS                   50                     5.5           30                    \[[@r52]\]

  *Streptomyces rameus* L2001                                                 Purified                                                       Birchwood and oat spelt                                                                 X~2~, X~3~                                       50                     7             2                     \[[@r53]\]

  ***GH10 fungal xylanases***                                                                                                                                                                                                                                                                                                                    

  *Penicillium funiculosum*                                                   XynD                                                           Wheat                                                                                   X2                                               70                     5                                   \[[@r54]\]

  *Pseudozyma hubeiensis* NCIM 3574                                           Purified\                                                      Oat spelt                                                                               X~3~ - X~7~                                      60                     5.4                                 \[[@r36]\]
                                                                              PhX33 (GH10^3^) and\                                                                                                                                                                                                                                               
                                                                              PhX20 (GH11^3^)                                                                                                                                                                                                                                                    

  *Thermoascus aurantiacus*                                                   Purified                                 1TUX                  Corncob                                                                                 FeXOS                                            50                     5             1                     \[[@r55]\]

  *Trichoderma* sp. K9301                                                     Purified\                                                      Beechwood, birchwood, and oat-spelt                                                     X~2~ - X~5~\                                     50                                   24                    \[[@r34]\]
                                                                              EX1 (GH10) and\                                                                                                                                        X~2~ - X~6~                                                                                                 
                                                                              EX2 (GH11)                                                                                                                                                                                                                                                         

  ***GH11 and GH30 fungal xylanases***                                                                                                                                                                                                                                                                                                           

  *Penicillium occitanis* Pol6                                                PoXyn3                                                         Corncobs                                                                                X~2~, X~3~                                       50                     3             8                     \[[@r56]\]

  *Penicillum funiculosum* ATCC 62998                                         XynC                                                           Sugarcane bagasse                                                                       X~2~ - X~6~                                      50                     5             2                     \[[@r57]\]

  *Sporotrichum thermophile* ATCC 34628                                       Purified                                                       Birchwood, beechwood, and oat spelt                                                     X~2~, X~3~,\                                     50                     4 and 5.5     20                    \[[@r58]\]
                                                                                                                                                                                                                                     U^4m2^XX, XU^4m2^XX                                                                                         

  *Thermomyces lanuginosus* IMI 84400, IMI 96213 and *Erwinia chrysanthemi*   Secreted\                                1YNA**^4^** (GH11)\   Beechwood glucuronoxylan                                                                Branched oligosaccharides, including XU^4m2^XX   30                     5             16                    \[[@r59]\]
                                                                              XynA (GH11) and\                         1NOF (GH30)**^5^**                                                                                                                                                                                                        
                                                                              XynA (GH30)**^5^**                                                                                                                                                                                                                                                 

  **Source**                                                                  **Enzyme**                               **Structure**\        **Xylan source**                                                                        **Main products^2^**                             **Temperature (°C)**   **pH**        **Time course (h)**   **References**
                                                                                                                       **PDB^1^**                                                                                                                                                                                                                

  *Thermomyces* lanuginosus 1YNA                                              Pentopan Mono BG,\                                             Rye bran                                                                                X~2~ - X~4~ and AXOS                             70                     7.4           15                    \[[@r31]\]
                                                                              Novozymes, Denmark                                                                                                                                                                                                                                                 

  *Trichoderma*\                                                              Hybrid Xyn2-A2 (PTXC2)                   1XYO                  Oat spelt, birchwood and beechwood                                                      X~3~                                             50                     5             6 days                \[[@r60]\]
  *reesei* RUT-C30 and *Thermotoga maritima*                                                                                                                                                                                                                                                                                                     

  ***Non classified fungal endo-xylanases***                                                                                                                                                                                                                                                                                                     

  *Aspergillus foetidus* MTCC 4898                                            Purified                                                       Birchwood, wheat straw and rice straw                                                   X~2~ - X~5~                                      45                     5.3           2 -24                 \[[@r61]\]

  *Aspergillus foetidus* MTCC 4898                                            Partially purified                                             Corncob                                                                                 X~2~ - X~5~                                      45                     5.3           2 - 24                \[[@r62]\]

  *Aspergillus niger*                                                         AB Enzymes, Germany                                            Tobacco stalk                                                                           X~2~ - X~4~                                      40                     5.5           24                    \[[@r63]\]

  *Aspergillus nige*r and\                                                    AB Enzymes, Germany and\                                       Tobacco stalk, cotton stalk, sunflower stalk and wheat straw                            X~2~ \>X~3~ \>X~4~ \>X~5~ \> X~6~                40 and 50              5.5 and 4.6   24                    \[[@r64]\]
  *Trichoderma longibrachiatum*                                               Danisco, Finland                                                                                                                                                                                                                                                   

  *Aspergillus oryzae* MTCC 5154                                              Secreted                                                       Corncob                                                                                 X~2~ - X~7~                                      50                     5.4           42                    \[[@r65]\]

  *Aspergillus versicolor*                                                    Secreted                                                       Birchwood and oat spelt                                                                 X~2~ - X~6~                                      60                     5             10                    \[[@r66]\]

  *Paecilomyces themophila* J18                                               Purified                                                       Corncobs                                                                                X~2~, X~3~                                       70                     7             2.5                   \[[@r67]\]

  *Pleurotus* sp. BCCB068\                                                    Secreted                                                       Oat spelt                                                                               Not identified separately                        50                     5             40 days               \[[@r68]\]
  *Pleurotus tailandia*                                                                                                                                                                                                                                                                                                                          

  *Pichia stipitis*                                                           Secreted                                                       Triploid *Populas tomentosa*                                                            X~2~ - X~4~                                      50                     5             24                    \[[@r69]\]

  *Pichia stipitis*                                                           Secreted                                                       Sugarcane bagasse                                                                       X~2~ - X~4~                                      50                     5.4           20                    \[[@r70]\]

  *Talaromyces thermophilus* Stolk                                            Purified                                                       Wheat bran                                                                              X~2~, X~3~                                       50                                   6                     \[[@r71]\]

  *Thermoascus aurantiacus* ATCC 204492                                       Secreted                                                       Sugarcane bagasse                                                                       X~2~ - X~5~                                      50                     7 - 8         3 to 36               \[[@r72]\]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^1^ If several structures are available, the first deposited structure is given. ^2^ One-letter code system for oligosaccharides used here is according to the system proposed by Fauré \[[@r18]\]. ^3^ Families deduced from the partial protein-sequences published in the referenced article. ^4^ Structure 1YNA belongs to another strain of *Thermomyces lanuginosus* (SSBP/ATCC 46882/ DSM10635), but is based on sequence data identical to the one used in the referenced article. ^5^ Formerly classified in family GH5, currently in GH30.

###### 

Substituents allowed in the subsites of GH family 10, 11 and 30 subfamily 8. Ara*f*: arabinose substituent, MeGlcA: methylglucuronic acid substituent, P: permitted, B: banned, N: necessary. P/B: not conserved, permitted in some, banned in others.

  **GH family**   **Substituent**   **Glycone subsites**   **Aglycone subsites**                     
  --------------- ----------------- ---------------------- ----------------------- ----- ----- ----- -----
  10              Ara*f*                                   P                       B     P/B   P/B   P/B
  MeGlcA          P                 B                      B                       P/B               
  11              Ara*f*            P                      P/B                     B     B     P     
  MeGlcA          P/B               P/B                    B                       B     P           
  30_8^1^         MeGlcA                                   N                       B                 

^1^Only typical GH30_8 xylanases with glucuronoxylanase activity are considered. These enzymes show no or very low activity on arabinoxylan.
